Background-We previously demonstrated that vascular injury-induced neointima formation is exaggerated in human C-reactive protein (CRP) transgenic (CRPtg) compared to nontransgenic (NTG) mice. We now test the hypothesis that complement is required for this effect. Methods and Results-CRPtg and NTG with a normal complement system versus their counterparts lacking expression of complement component 3 (C3) protein (CRPtg/C3 Ϫ/Ϫ and NTG/C3 Ϫ/Ϫ ) underwent carotid artery ligation. Twenty-eight days later, the injured vessels in CRPtg had thicker neointimas and more immunoreactive C3 in the surrounding adventitia compared with NTG. In CRPtg/C3 Ϫ/Ϫ , there was no increase in neointimal thickness compared with NTG or NTG/C3 Ϫ/Ϫ . Decreasing human CRP blood levels through administration of a selective antisense oligonucleotide eliminated the depletion of serum C3 associated with vascular injury and reduced immunoreactive C3 in the resultant lesions. In injured vessels, C3 colocalized with F4/80 (macrophage marker), and in vitro, human CRP elicited increased expression of C3 by bone marrow-derived macrophages. Conclusion-Human CRP exaggeration of neointima formation in injured mouse carotid arteries associates with decreased circulating C3 and increased tissue-localized C3. C3 elimination or pharmacological reduction of human CRP prevents CRP-driven exacerbation of the injury response. In the CRPtg model system, mouse C3 is essential for the effect of human CRP. (Arterioscler Thromb Vasc Biol. 2010;30:1189-1195.) 
W e recently demonstrated that C-reactive protein (CRP) exacerbates the neointimal response to acute vascular injury in a human CRP transgenic mouse (CRPtg) model. 1, 2 Thus, when ovariectomized mice were subjected to ligation of the common carotid artery, CRPtg had 2-fold greater neointima formation than nontransgenic (NTG) controls as well as extensive deposition of human CRP in the injured vessels. Human CRP can bind to the immunoglobulin G Fc receptors Fc␥RI (CD64), Fc␥RII (CD32), and Fc␥RIII (CD16) in both mice 3 and humans, 4 and we showed that in the absence of Fc␥RI (but not in the absence of Fc␥RIIb or Fc␥RIII), the deleterious effect of CRP on the neointimal response to injury is greatly attenuated. We provided additional evidence that in this model of vascular injury, the action of CRP is likely propagated by resident F4/80 ϩ macrophages. 1 In those experiments, we used CRPtg because in that model human CRP expression closely resembled the pattern seen in humans and because the protein was expressed endogenously during the course of experimentally induced disease. 5 The CRPtg model also has been used by us and others to demonstrate that CRP promotes vascular thrombosis, 6 induces endothelial dysfunction, 7 and accelerates atherosclerosis, 8 although not all reports by us and others show that human CRP is detrimental to the vasculature of CRPtg. 9, 10 Human CRP can activate human 11 and mouse complement, 12, 13 and CRP and complement are known to colocalize in atherosclerotic lesions, 14 suggesting that in the context of vascular injury, some of the actions of CRP might be mediated by local activation of complement. 15 In this study, we demonstrate that in CRPtg mice, the enhancing effect of CRP on the vascular injury response requires the presence of a fully functional complement system.
Methods

Animals
CRPtg mice are fully described elsewhere. 5 Importantly, human CRP is present in the blood of CRPtg at concentrations relevant to human health and disease (ie, levels Յ3 g/mL under steady-state conditions and up to 500 g/mL during an acute phase response). In contrast, endogenous mouse CRP is expressed at only Ϸ2 g/mL and does not act as an acute phase reactant. 16 -18 Mice carrying a null mutation for complement component 3 (C3 Ϫ/Ϫ ) 19, 20 have been described elsewhere; C3 Ϫ/Ϫ produces no C3 due to targeted disruption of the murine C3 gene promoter, and thus, they lack the ability to generate C3 and C5 convertases. Double-mutant mice (CRPtg/ C3 Ϫ/Ϫ ) were generated by breeding CRPtg with NTG/C3 Ϫ/Ϫ . 21 We showed previously 21 that serum human CRP levels in CRPtg/C3 Ϫ/Ϫ mice were not different from those in CRPtg and that the human transgene was fully responsive to inflammatory stimuli. All mouse strains used in this study were backcrossed at least 10 generations onto the C57BL/6 background, and C3-deficient versus C3-sufficient and CRPtg versus NTG progeny were obtained in the expected Mendelian ratios. Each of the genotypes appeared phenotypically normal, and no remarkable differences in life span have been noted. When needed, some C57BL/6 wild-type mice were obtained from The Jackson Laboratory (Bar Harbor, Me).
All mice were fed a standard mouse pellet diet (Ralston Purina) and maintained at constant humidity (60Ϯ5%) and temperature (24Ϯ1°C) with a 12-h light cycle (6 AM to 6 PM). All protocols were approved by the Institutional Animal Care and Use Committee at the University of Alabama at Birmingham and were consistent with the Guide for the Care and Use of Laboratory Animals. 22
Carotid Artery Injury and Analyses
Female mice were anesthetized with ketamine (80 mg/kg IP) and xylazine (5 mg/kg IP) and subjected to ovariectomy. Five days later, mice were subjected to right common carotid artery ligation 1, 2, 23 as detailed in the online-only Data Supplement (available at http://atvb.ahajournals.org). Twenty-eight days after ligation injury, mice were anesthetized and euthanized, and the carotid arteries were fixed, sectioned, stained, and subjected to computer-assisted morphometric analysis to assess the extent of the injury response (see Data Supplement). 1, 2 For immunofluorescence microscopy (see Data Supplement), representative arteries were harvested either 24 h or 14 days after vascular injury and processed with 4Ј,6-diamidino-2-phenylindole (DAPI) stain to detect nuclei and with antibodies to detect human CRP, mouse C3 and C5, and mouse macrophage marker F4/80.
Antisense Oligonucleotide
To specifically lower the level of human CRP in the blood of CRPtg, we used a human CRP-specific antisense oligonucleotide (ASO) that targets human CRP mRNA. 24 CRPtg mice (23.63Ϯ2.96 g/mL serum human CRP and 756Ϯ158 g/mL serum mouse C3 at baseline) were randomly separated into two groups, and one group was injected with the CRP-specific ASO (200 L; 50 mg/kg) twice weekly for 2 weeks before carotid artery ligation and for 2 weeks after ligation. Control animals in the second group were injected with a nonspecific ASO comprising a scrambled oligonucleotide sequence that is not complementary to any known mRNA sequence. The CRP-specific ASO has been demonstrated to lower human CRP in CRPtg mice selectively, with no effect on mouse CRP 24 (data not shown).
Bone Marrow-Derived Macrophages
Bone marrow was harvested from the long bones of CRPtg and NTG mice. The cells were grown in culture for 1 week in the presence of RPMI 1640 with 10% fetal bovine serum and 30% L-cellconditioned medium as a source of macrophage colony-stimulating factor. After 7 days, the cells were Ͼ90% positive for the F4/80 macrophage marker as judged by flow cytometry. These bone marrow macrophages were made quiescent by culturing them in the absence of fetal bovine serum for 24 h. Quiescent bone marrow macrophages were then treated with RPMI 1640 media or human CRP (50 g/mL) for 4 h. The human CRP that we used for these experiments was from United States Biological (product C7907-26A) and purified to Ͼ95% by the manufacturer. We verified this level of purity on overloaded SDS-PAGE (single band at 21 kDa). The CRP was never exposed to sodium azide, and by Limulus amebocyte lysate assay, it contained Ͻ0.01 U/mL endotoxin.
ELISA and RT-PCR
ELISA was used to measure serum mouse C3 and human CRP as previously described (see Data Supplement). 1 Quantitative RT-PCR was used to assess local expression of C3 and C5 mRNA by the injured arteries and by cultured bone marrow-derived macrophages under resting conditions and following CRP treatment (described in detail in the Data Supplement).
Statistical Analysis
Results of morphometric analyses, RT-PCR, and ELISA are expressed as the meanϮSEM without transformation. All statistical analyses were performed using statistical software (SPSS version 11.5). Comparisons among experimental groups were performed with one-way ANOVA followed by pair-wise multiple comparisons using the least significant difference test. Differences were considered significant when the associated probability value was Ͻ0.05.
Results
Histology and Morphometry
The architecture of carotid arteries was examined 28 days after ligation injury. In animals with a normal complement system (ie, in C3-sufficient animals) the neointima was thicker in mice that expressed the human CRPtg than in NTG controls ( Figure 1A , compare the top portions). This finding is in concert with our earlier reports that endogenous expression of human CRP exacerbates the neointimal response to acute vascular injury in CRPtg. 1, 2 In contrast, in animals whose complement system was not fully intact (ie, in C3-deficient animals), there was no readily observable difference in neointimal thickness for CRPtg/C3 Ϫ/Ϫ compared to NTG/C3 Ϫ/Ϫ (Figure 1A , compare bottom portions). Quantitative morphometric analysis confirmed this observation. In C3-sufficient mice, neointimal area was more than 2-fold greater in CRPtg than in NTG (PϽ0.05) ( Figure 1B , left columns), but in the absence of C3 expression, no significant difference in neointimal area was seen in CRPtg/C3 Ϫ/Ϫ compared to NTG/C3 Ϫ/Ϫ ( Figure 1B , right columns). Importantly, the neointimal response of CRPtg mice that did not express mouse C3 was Ͼ50% reduced compared to CRPtg mice that expressed C3 (PϽ0.05) ( Figure 1B) , and in the absence of human CRP expression, the elimination of mouse C3 had no measurable effect. In contrast to the neointima, the area of the media did not differ among the four genotypes (CRPtg, 3.88Ϯ 0.24ϫ10 4 m 2 ; NTG, 3.51Ϯ0.34ϫ10 4 m 2 ; CRPtg/C3 Ϫ/Ϫ , 3.01Ϯ0.53ϫ10 4 m 2 ; NTG/C3 Ϫ/Ϫ , 3.32Ϯ0.81ϫ10 4 m 2 ). These data establish that human CRP exacerbates the neointimal response to vascular injury in CRPtg only if the endogenous complement system is intact.
Immunofluoresence
We performed immunofluorescence staining of cross-sections of carotid arteries from C3-sufficient mice harvested 24 h versus 14 days after ligation injury. At 24 h, immunoreactive C3 and C5 protein were detectable in the periadventitial regions of the injured vessels, but there was no discernable difference in the amount of C3 or C5 in CRPtg versus NTG (data not shown). However, on day 14 after injury, staining for immunoreactive C3 was substantially more robust in ligated vessels from CRPtg than from NTG (PϽ0.05) ( Figure 2 ). Most of the immunoreactive C3 was in the periadventia. In both CRPtg and NTG mice, comparatively low levels of C5 were detected in the neointima on day 14 postinjury, and there was no significant difference in C5 immunostaining between the genotypes (Figure 2 ). In CRPtg, the periadventitial immunoreactive C3 colocalized with F4/80 ϩ macrophages (Figure 3 , A through E), and in CRPtg human CRP was evident in the lesions whether mice were C3 sufficient ( Figure 3G ) or C3 deficient ( Figure 3I ). These results indicate that within 2 weeks after acute vascular injury, periad-ventitial expression, deposition of C3, or both are enhanced by the presence of endogenously expressed human CRP.
Local Expression Versus Deposition of Complement
Because in our CRPtg model C3 is required for the human CRP-mediated exacerbation of the vascular injury response following arterial ligation ( Figure 1 ) and because this effect is associated with an increase in the amount of immunoreactive C3 in the periadventitia surrounding the vascular lesion ( Figure 2 ), we sought to determine whether the C3 identified in the injured vessel is derived from increased local synthesis of C3, increased local deposition of circulating C3, or both. To assess local expression of complement in the ligated artery, we measured C3 and C5 mRNA levels in injured arteries harvested 24 h after ligation and compared these to levels in uninjured control arteries. Consistent with the immunostaining results obtained on arteries collected 24 h after injury (see previous discussion), we found no difference in the expression of C3 or C5 mRNA in CRPtg versus NTG at 24 h or 14 days after injury. Neither C3 nor C5 mRNA levels were increased 24 h following injury in either genotype, but expression of C3 was increased in both genotypes at 14 days after injury (supplemental Figure I) .
We had previously shown that CRP-induced exacerbation of the neointimal response to ligation injury depends on Fc␥RI and that in vessels harvested 28 days after injury, CRP colocalized with F4/80 ϩ cells recruited to the injured vessel. 1 In the current study, we found that both mouse C3 ( Figure 3E ) and human CRP ( Figure 4A , large arrowhead) colocalized with the macrophage marker F4/80 in the artery wall. Therefore, we hypothesized that human CRP might drive complement expression and its activation (and deposition) in the ligated carotid artery by stimulating macrophages resident in or recruited to the periadventitial region surrounding the site of injury. To test this hypothesis, we used a surrogate in vitro assay wherein we cultured bone marrow-derived macrophages from CRPtg and NTG mice and stimulated them with human CRP. We found that both C3 and C5 mRNA were expressed by the cells and that expression was approximately equal in both genotypes ( Figure  4C and D) . In concert with our immunostaining findings, C3 mRNA was upregulated in response to stimulation with human CRP in both genotypes ( Figure 4C ). Also in concert with our immunostaining, there was little effect of CRP exposure on C5 mRNA expression ( Figure 4D ). The data described here suggest that macrophages resident in the periadventitial region surrounding the injured carotid artery respond to human CRP by expressing C3 but not C5. Indirect evidence in support of this conclusion was obtained by treating CRPtg with an ASO that specifically targets human CRP mRNA, thereby depleting the blood of the human protein.
For the CRPtg treated with a nonspecific ASO (human CRP serum at baseline, 19.3Ϯ9.4 g/mL; mouse C3 serum at baseline, 564Ϯ68 g/mL) ( Figure 5A ) and subjected to carotid artery ligation, serum levels of human CRP rose and levels of mouse C3 fell consistent with C3 activation. In contrast, for the CRPtg treated with a human CRP-specific ASO (human CRP serum at baseline, 27.3Ϯ3.1 g/mL; mouse C3 serum at baseline, 825Ϯ213 g/mL) ( Figure 5B ), there was selective lowering of human CRP and no reduction in circulating C3 in the blood. Further, there was a dramatic reduction in the intensity of mouse C3 immunoreactivity in the periadventitial region of the injured arteries in the mice treated with the human CRP-specific ASO ( Figure 6 ). The intensity of C3 staining in injured blood vessels from CRPtg receiving the CRP-specific ASO ( Figure 6 ) was comparable to that seen in untreated NTG (Figure 2) . The combined results suggest that human CRP both stimulates local C3 expression and activates mouse complement after carotid artery ligation in the CRPtg mouse.
Discussion
We confirmed here our prior finding that in CRPtg, the neointima that develops in response to vascular ligation is increased Ϸ2-fold compared with NTG that do not express human CRP. 1, 2 The major new finding of this study is that mouse C3 is required for this action of human CRP. Thus, in CRPtg/C3 Ϫ/Ϫ mice that lack expression of complement C3 (the activation of which is the converging point of all 3 complement pathways and the source of the effector functions of complement), we observed that the neointimal response to injury was significantly less than that of CRPtg mice that have a fully functional complement system. In fact, neointima formation in CRPtg/C3 Ϫ/Ϫ was no more robust than that seen in mice that did not express human CRP but did express mouse C3. Figure 3 . A to E, CRPtg carotid arteries harvested 14 days after injury were stained with DAPI (blue color) to reveal nuclei (A) and with fluorochrome-labeled antibodies to reveal mouse C3 (green) (B) and the F4/80 mouse macrophage marker (red) (C). In the merged image (D) C3 ϩ /F4/80 ϩ double-stained cells are seen to populate the adventitia. E, The area enclosed by the white rectangle is reproduced at higher magnification. F to H, Carotid arteries harvested 14 days after injury were stained with DAPI (blue color) to reveal nuclei and with fluorochrome-labeled antibody to reveal human CRP (green). In both CRPtg (G) and CRPtg/C3 Ϫ/Ϫ (I) abundant human CRP is seen, whereas none is seen in their NTG counterparts (F and G, respectively). Note that the elastic laminae are autofluorescent in the red and green channels.
Although the liver is the primary source for the synthesis of C3, 25 many other specialized cells, including macrophages, 26, 27 can synthesize C3. The results generated here indicate that the requirement of mouse C3 for the effect of human CRP in the vascular injury response is related to human CRP-mediated induction of expression of C3 by mouse macrophages residing in the periadventitia. Given that CRP also activates complement, this finding sets the stage for a feed-forward cycle in the injured blood vessel wherein CRP both induces expression of complement and activates it.
Similar to CRPtg mice, it has been demonstrated that complement components 28 and CRP 29 are present in the atherosclerotic intima and that CRP colocalizes with C5b-9 in early atherosclerotic lesions in humans. 14 The effect of complement activation on the development of the neointima in experimental animals has been controversial, with some studies showing that interruption of the complement cascade reduces the extent of the lesion, 30 -32 whereas others showed no effect 33 or even an enhancement of neointima formation. 34, 35 Although there is no consensus on the interpretation of these apparently conflicting findings, these differences could depend on the models used to induce neointima formation. Further, although studies showed that blocking complement leads to a reduction in neointima formation in animals with diet-induced disease, 30, 31 other studies carried out in animals with genetically induced disease (ie, apolipoprotein E Ϫ/Ϫ and low-density lipoprotein Ϫ/Ϫ mice) have suggested an increase in neointima formation or no effect. [33] [34] [35] Caution is warranted, however, because the vascular remodeling process associated with carotid artery ligation versus atherogenesis is not the same. A report by Shagdarsuren et al, 32 to our knowledge the only study so far to address the effect of complement on neointima formation in the setting of mechanical vascular injury, suggested that blocking the complement cascade at the level of C1q retarded neointima formation. Our findings are consistent with this view in that the neointimal response to carotid artery ligation, a model of vascular injury that is similar (not identical) to the one used by Shagdarsuren et al, was significantly reduced in the absence of the C3 gene. Importantly, complement activation by CRP is distinguished by selective activation of early components, with little or no formation of the distal C5-convertase or C5b-9 membrane attack complex (see Marnell et al 11 for review). CRP also recruits factor H, inhibiting the alternative complement pathway amplification loop and the C5 convertases. 36 In accordance with these observations, the deposition of C3, but not C5, in the lesion was increased in our CRPtg compared to NTG mice, and CRP induced macrophages in culture to increase their expression of C3 but not C5.
It is now generally accepted that inflammation plays an integral role in the pathogenesis of vascular injury. 37, 38 In parallel with evolution of the inflammatory model of vascular disease, epidemiological data emerged that point to CRP as a strong predictor of vascular events. 39 Recently, a large prospective randomized study demonstrated the additive value of serum levels of CRP to that of cholesterol in directing therapy in a population with no other indication for cholesterol-lowering therapy. 40 The evidence that CRP is present in vascular lesions and that it stimulates and activates inflammatory cells, endothelial cells, and vascular smooth muscle cells has sparked a debate on whether it is directly involved in the pathogenesis of vascular disease or is simply a marker of its ongoing activity. 5 Although there are well-known genetic determinants of serum CRP levels, 41 2 large studies have failed to show an association between these genetic determinants and cardiovascular disease outcomes, raising suspicion that elevated serum levels could be an effect rather than a cause of vascular disease. 42, 43 These indirect studies are inherently incapable of establishing or refuting a direct cause-and-effect relationship that links CRP to vascular injury. Ultimately, human studies in which CRP is selectively lowered in randomized controlled trials will be needed to answer this question. 44 Meanwhile, studies that explore the actions of human CRP in vivo, in a system that expresses human CRP in a fashion that parallels the human condition, can provide very useful information. In this study, we showed that by decreasing circulating levels of human CRP in CRPtg with a human CRP-specific ASO drug, both circulating human CRP levels and C3 expression and deposition in injured arteries were reduced. Both outcomes would be predicted to be of clinical benefit in patients.
Our new results need to be interpreted in the context of our previous finding that Fc␥RI is essential for CRP to mediate vascular remodeling; that is, in the absence of expression of the Fc␥RI ligand-binding ␣-chain or the cell-signaling ␥-chain, human CRP does not enhance the neointimal response to injury in CRPtg. 1 Based on those earlier findings and the new ones reported here, we are now testing the following model: In the context of vascular injury, CRP activates resident and recruited periadventitial macrophages likely by interacting with Fc␥RI 1, 45 and thus stimulating them to increase expression of C3. Locally expressed C3, perhaps in conjunction with circulating (hepatically derived) C3, itself an acute phase protein, 46 accumulates and is readily available for activation by CRP and, ultimately, generates anaphylatoxic and chemotactic fragments of C3, which recruit more macrophages to the site of injury, so the process feeds forward. This model accounts for why both Fc␥RI deletion and C3 deletion eliminate the CRP-mediated exacerbation of the neointimal response to injury in CRPtg. In the absence of Fc␥RI, CRP is unable to stimulate macrophage expression of C3, and in the absence of C3, the feed-forward loop is broken. Although smooth muscle cells are known to be intimately involved in the development of the neointima after carotid artery ligation, we found no evidence that human CRP colocalizes with smooth muscle actin. 1 Rather, human CRP colocalized with the macrophage marker F4/80. Efforts currently are under way to validate our CRP3macrophage Fc␥RI3macrophage C3 model in CRPtg. If these efforts are fruitful and the model is confirmed in humans, the findings could have important therapeutic implications. Figure 6 . Immunoreactive complement in ligated carotid arteries (sections taken 350 m from the point of ligation) at 28 days after injury in CRPtg and NTG mice pretreated for 2 weeks with a CRP-specific ASO that lowered serum CRP before carotid artery ligation. Immunoreactive C3 (green) and C5 (red) staining in the CRPtg were comparable to the NTG. Blue staining corresponds to cell nuclei (DAPI). Data are presented for sections taken from nϭ5 to nϭ11 separate mice.
